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Observations on the distribution of electricity in thunderclouds, in continuation of the work described by Simpson and Scrase in a paper published in these Proceedings in 1937 (referred to hereafter as S. and S.), have proceeded at Kew Observatory during the three years 1937-9.
These years proved to be very different in their production of thunder storms at Kew and on the whole rather disappointing. In 1937 there were thunderstorms on eight days and thirty-five soundings were made, but the number of failures was unduly large; the records from five storms are available for discussion. The year 1938 was remarkably dry at Kew and only four storms were suitable for investigation; two of these were so slight that the records showed no measurable fields; thus only two storms from 1938 are available for discussion. In 1939 there were only three suitable storms at Kew; two of these were very short, and sufficient data for useful discussion were not obtained. Table 1 gives the results of the three years' work.
(Received 10 September 1940)
is not simple, depending on a number of factors amongst which is the atmospheric pressure, so that the same thickness of trace represents a greater potential gradient near the ground than it does at greater elevations. The relationship between the thickness of the trace and the potential gradient was discussed at length in S. and S. and we have nothing to add to that discussion. At the same time the values of the potential gradient deduced in the manner there described cannot be accepted with confidence, and we have considered it best in this paper to use qualitative terms in describing the potential gradient and not to use actual values which might be quoted without the necessary reservations.
In the diagrams the base of the cloud, determined by observing the time the balloons entered the cloud, has been indicated by a line. Unfor tunately, we have been unable to obtain data on which to locate the upper limits of the clouds as was done to some extent in S. and S. When, as the result of the analysis of the records, it has been possible to locate the position of charges in the clouds these have been indicated by groups of plus and minus signs. Most of these charges are located by the reversal of the field, in which case the volume charges are centred approximately about the point of reversal on the records; but in some cases, especially with the low positive charges, the exact position o f the charge cannot be determined, and in these cases the group of plus signs has been enclosed in a dotted circle to indicate the indeterminate position of the charge.
In the last three diagrams (figures 9-11), the soundings have been plotted in a different way, which will be described when these storms are considered.
In the lower part of the diagrams there are two curves using the same time scale. The upper reproduces the potential gradient at the ground recorded at the Observatory. The potential gradient records generally start when the field at the ground exceeded 10 V/cm. and end after the storm has passed away. Most of the potential gradient records are much disturbed by the changes of field due to lightning discharges. A lightning flash usually causes an instantaneous change in the field, and then the field returns to its pre-discharge value at a relatively slow rate. It is difficult to say whether the mean potential gradient at the ground should be defined as the mean. potential gradient taking the disturbed field due to the lightning "throws" into account or the mean value of the pre-discharge field. The difference may be very large, in some cases even changing the sign of the gradient (cf. the period 17.10-17.20 in figure 7 where the pre-discharge field is negative and the mean field positive). In this work the disturbed fields have been neglected and the potential gradient has been determined from the pre-discharge values.
The third and lowest curve in the diagrams gives the record of the electricity carried down by the rain. During most of the storms for which soundings are available records of the electricity of the rain were obtained at the Observatory. The instrument used, which was fully described by Scrase (1938) , consists in principle of an insulated receptacle into which the rain falls. This receptacle is connected to an electrometer, the deflexion of which measures the charge received. After 3 c.c. of rain (representing a fall of 0*15 mm. of rain) have been collected the receptacle is auto matically connected to earth and the electrometer discharged. During steady rain carrying a preponderance of charge of one sign the record consists of a sloping line, the amount and direction of the slope being a measure of the amount and sign of the electricity carried by the rain. Every time the receptacle is connected to earth after receiving 3 c.c. of rain the deflexion of the electrometer returns to zero and a mark is made on the photographic trace. The number of these marks in a given time is a measure of the average rate of rainfall during that time. Copies of the records have been reproduced for all the storms for which they are available, a scale being added which gives the total charge carried by each 3 c.c. of rain.
The results of the ascents made during 1934, 1935 and 1936, described in S. and S., led to the conclusion that a thundercloud has a positive charge in the upper layers, a negative charge in the lower layers and very frequently a region of positive charge in the base, below the negative charge. As the presence of a positive charge in the upper part of a thundercloud and of a negative charge in the lower part had already been deduced by C . T. R. Wilson and others from observations of the changes in the electrical field at ground level due to lightning discharges, the existence of these charges is now generally accepted; but several writers have questioned the reality of the low positive charge in the base of the cloud. The following quotation states the case:
A n interesting new attack on th e problem has recently been m ade b y Sim pson and Scrase, w ho obtained records o f the variation o f p otential gradient w ith h eigh t through a thundercloud b y m eans o f ah apparatus attached to a sounding balloon. T h ey confirmed in striking fashion th at the upper part o f a thundercloud is alw ays p ositively charged and th e m ain portion o f th e base n eg a tiv ely charged. T h ey, however, also obtained a few records w hich were interpreted as indicating a p o sitiv ely charged region in th e base o f th e cloud. The evidence consists essen tially in th e fact th a t in the few cases w hen a balloon w as released beneath a storm in a region o f p ositive potential gradient, the gradient never rem ained p o sitiv e all th e w a y up to th e p ositive charge at the top o f th e cloud. W hile th e existence o f a p o sitiv e charge near the base o f the cloud is the m ost direct and perhaps th e m ost natural in ter pretation o f such a record, such a conclusion is b y no m eans inevitable. In th e first place, th e balloon takes about 30 m inu tes to rise through th e cloud and th u s th e tem poral variations o f th e charges h ave n o t been elim inated. Secondly th e p a th o f th e balloon in th e cloud is unknow n and m ay suffer considerable horizontal displacem ent relative to th e cloud. I t w ould seem , for exam ple, th a t a balloon released in th e region o f p ositive gradient near th e front o f an ad vancing sim ple cloud o f p ositive p olarity w ould be carried h orizontally b y th e air currents co n verging on th e region o f a ctive separation o f charge and m igh t w ell reach a p oin t where n egative gradient existed and, indeed, exten d ed right to th e ground. In such a case th e record w ould g ive all th e effects interpreted as a p o sitiv e charge in th e base o f th e clo u d .. . . The regular occurrence o f p ositive charge in th e base o f th e cloud cannot therefore, be considered to be y e t established w ith certain ty (W orm ell 1939, p. 300).
The difficulties met with in interpreting the records obtained by altielectrographs, which give the potential gradient as a function of height and time only, was realized when S. and S. was written and they were discussed in detail on p. 324 of that paper. The authors were well aware of the complications produced by the temporal changes in the distribution of the electricity, which may be very large and rapid in a thunderstorm, and by the movement of the balloons in a horizontal direction; but they were convinced that the positive charge they found in the lower parts of the thunderclouds could not be explained in the way described in the above quotation, and a re-examination of all the records has confirmed this conclusion. It is possible that in the previous paper sufficient attention was not paid to the effects of the horizontal travel of the balloons and to changes of field due to distant charges of electricity; but in this paper, while retaining the previous method of presentation, an effort will be made to discuss in more detail the effects of these factors.
It will greatly help the reader if he has a clear image of the vertical electrical fields associated with the distribution of electric charges which the observations show to exist within a thunderstorm. We propose, there fore, to discuss in some detail the fields associated with a typical thunder storm. It is hoped to confirm in this paper the conclusions reached in S. and S. that in most, if not in all, thunderstorms there is a positive charge in the upper half of the cloud, a negative charge in the lower half and a positive charge localized under the negative charge. We have therefore built up a model thunderstorm with this distribution of charge and calcu lated the vertical fields in its neighbourhood. Vertical fields are considered, as the alti-electrograph measures only this component.
In actual thunderstorms the vertical and horizontal extent of the regions containing the charges vary from storm to storm: if the vertical and horizontal dimensions of a charged volume are about equal, the charge may be conveniently represented as being contained within a sphere; but in some cases the two upper charges have a greater horizontal than vertical extent and would be more correctly represented by disks than spheres. As, however, the calculation of fields due to charged disks is very arduous, and as it will be seen that spheres represent sufficiently well the conditions in many storms, we have adopted spheres in our model storm. In figure 1 the vertical field associated with these charged spheres is represented.
To facilitate description the positive charge at the top of the cloud, the negative charge below it, and the positive charge in the base of the cloud will be designated by the letters P, N, and Q respectively. In figure 1 P is 24 coulombs of positive electricity uniformly distributed throughout a sphere of 2 km. radius centred at a height of 6 km., A is a negative charge of 20 coulombs in a sphere of 1 km. radius centred at a height of 3 km., and Qi s a positive charge of 4 coulombs in a sphere of £ km. radius centred at a height of 1^ km. These heights are comparable with those which have been found in a typical thundercloud, and the quantities of electricity have been chosen to give a positive potential gradient of plus 40 V/cm. under the centre of the storm, a negative potential gradient of minus 60 Y/cm. at 1*5 km. from the centre and positive potential gradient at all distances greater than 4*2 km. from the centre; potential gradients of this order are usually found near thunderstorms. The potential gradient at the ground at all distances from the central axis of the storm is shown by the curve at the bottom of figure 1.
The lines in the diagram represent lines of equal vertical potential gradient and are drawn at intervals of 100 Y/cm., lines at multiples of 500V/cm. being thickened. Table 2 contains the values of the vertical potential gradient at the points of maximum along the central axis-these values are also the values of the total electrical force at the points, as along the axis the direction of the total force is everywhere vertical. It will be convenient to refer to the positive field between the lines and BB as the P field, the negative field between BB and as the N field and the positive field below C as the Q fi field above the line AA will be referred to as the U field. With such a symmetrical distribution of electricity the maximum field strength occurs on the axis where the spheres meet and these values are given in table 2. The greatest value is -3110 V/cm., which is less than the field necessary to produce an electrical discharge in air (taken to be 10,000 V/cm. as water or ice particles are present). Sparking values, however, would be reached with the same total charges by concentrating the charges instead of distributing them equally over the spheres. It is very probable that this is the actual way in which lightning discharges are initiated, irregularities in the air currents bringing oppositely charged masses of air or precipitation into close proximity, causing a local increase in the general high field and so producing locally a sufficiently high field for the discharge to commence.
We can now study the kind of alti-electrograph records which would be obtained in the neighbourhood of such a storm. The records will vary according to the positions of the starting points relative to the centre of the storm and according to the tracks of the balloons, whether they are vertical or lead towards or away from the axis. Figure 2 shows a number of typical tracks, and in figure 3 we have plotted the field along these tracks in the same way as the alti-electrograph records are plotted. Each record is represented by a vertical band of varying width, the width being proportional to the intensity of the vertical field and the sign of the field being indicated by shading the parts of the band representing positive field and leaving it unshaded where the field is negative. The first record in figure 3 represents a sounding along the axis of the storm, i.e. an ascent starting at the centre of the storm and rising vertically (track aa of figure 2). In this case the record shows a small positive field near the ground which becomes rapidly greater as the region containing the positive Q charge is approached. The maximum positive field is reached on the boundary of the positive charge and then decreases towards the centre of the positive charge. The field changes sign near the centre of the positively charged sphere, but somewhat below the centre because o f the strong action o f the negative charge above the positive charge. The field then increases to a high negative value at 2 km. where the spheres con taining the positive Q charge and the negative N charge meet. As the centre of the negative charge is reached the field again changes sign and becomes positive. The maximum value is again at the meeting point of the two charged spheres, above which the field decreases, changing sign some distance above the centre of the sphere containing the positive P charge. From this point the field is negative, increasing to a maximum on the boundary o f the sphere containing the P charge and then decreasing rapidly to small values at greater heights.
The actual values o f the field at the position of maximum intensity are of little importance, as these depend on the quantities o f electricity which vary largely from storm to storm, but the shape o f the curve representing the change of field with height (i.e. the shape of the boundary o f the vertical band) is o f importance. W ith charges spread over volumes more or less spherical, the maximum fields occur on the boundaries o f the charged regions and decrease rapidly as one recedes from the boundary. This is clearly seen in the rapid decrease o f the field below the Q charge in the record we are considering. When therefore we see a rapid increase of field with height in the alti-electrograph records we m ay conclude that the balloon was then entering a charged region. This rapid change of field also explains why the field at the ground is never observed to attain anything like the intensity necessary to produce a lightning discharge.
Track bb of figure 2 represents the path o f a balloon starting near th centre of the storm, but just outside the central region of positive potential gradient, then being drawn towards the axis o f the storm. In this case the track starts in the N field, but enters the Q field which it traverses before entering the N field again at a greater height. After this point the field changes are similar to those o f track aa except that, as the balloon does not actually reach the axis, the fields are less intense. In S. and S. it was assumed that a reversal o f the field indicated that the balloon had passed through or near a charged region, and in a record such as bb a negative charge would have been shown at 0*7 km. where the vertical field changes sign from negative to positive. That obviously would have been wrong, for the negative field near the ground is due to the negative charge centred at 3 km. and there is no negative charge at a height of 0*7 km.
Track cc is similar to track bb except that the balloon started at a greater distance from the centre of the storm. The track starts in the N field and does not leave it until it entera the P field at the N charge; the record, cc, therefore contains no positive field due to the Q charge, the presence of which could not be inferred from this record.
In the model thunderstorm we are considering the potential gradient at the ground changes from negative to positive at a distance of 4*2 km. front the centre. At this distance the potential gradient is very small, and a balloon released here would record only very small negative fields as it traversed the N field. If, however, after rising a certain distance the balloon is caught into a current of air blowing into the centre of the storm, it enters the strong fields near the axis. Such a track is dd, and the record shows little or no field until at a height of 3 km. a strong positive field is encountered. Unless one knew the path followed by the balloon this record might lead to quite erroneous conclusions, for at first sight it looks as though there were no strong fields in the lower atmosphere under the strong field at 3 km. and the presence of the Q and N charges might go unsuspected.
The final example, ee, is the track of a balloon starting in the outer positive field and being drawn into the storm at a lower level than in the previous case, but not penetrating so near to the axis. The record ee in figure 3 (the scale of the field for this track has been increased 10 times) shows a positive field near the ground, then the usual sequence of negative, positive and negative potential gradients as the balloon traversed the N, P and U fields. In this case we have another example of a change of sign of the potential gradient without the local presence of a corresponding charge, for the positive field extending to 1*2 km. is directly due to the P charge at the top of the cloud, and the change from positive to negative potential gradient is no evidence of a positive charge at 1*2 km. This track is the one visualized by Wormell in the quotation given above, and if all the records showing a low positive field were from tracks of this nature, he would be correct in saying that they gave no evidence of a low positive charge. In these examples the charges have been taken to be uniformly distributed throughout three spheres one above the Other on the axis of the storm. There would have been no material change in the character of the records obtained along the tracks if the charge had been more spread out in the horizontal direction. The field due to a charged horizontal disk rapidly approaches that due to the same charge concentrated at the centre of the disk as one recedes from the edges of the disk in a horizonal direction. Thus the field due to a series of charged disks (representing in our case charged layers of cloud) is practically the same as the field we have found at 2 or 3 km. from the axis of the three spheres. At positions nearer the centre the boundaries between the vertical fields of different signs (A A, BB and CC in figure 1) are little changed by substituting charged disks for the charged spheres; but the maximum field on the axis is less intense and the fields do not change so rapidly in the vertical direction. Thus our discussion of the records obtained along typical tracks may be applied with very little change to a storm in which the charges are distributed in layers rather than in spheres.
In figure 1 the potential gradient at ground level is shown by a curve below the main diagram. The curve gives the potential gradient at all distances from the axis; it is therefore a potential gradient-distance diagram. If the storm represented in figure 1 passed centrally over a station and the value of the potential gradient at each instant were plotted on a diagram, the result would be a curve similar to the one at the bottom of figure 1, except that the abscissae would be time instead of distance. If the rate of travel of the storm were known, the times could be converted into distance and a curve exactly similar to that in figure 1 could be obtained. In each of the diagrams produced later in this paper a curve is given of the change of the potential gradient at the ground at Kew during the passage of each storm. By making the assumption that no large change took place in the structure of the storm as it passed over Kew, these potential gradient-time curves may be interpreted as g iv in g the variations in potential gradient along a line through the storm. In some storms in which there are rapid developments this is by no means the case, large changes taking place during the period represented by the diagram, so that at no instant of time was the potential gradient along a line through the storm similar to the potential gradient shown in the diagram. Bearing this limitation in mind, the curves of potential gradient at the ground may be used to give a general idea of the electrical field at the ground under a storm considered stationary.
The shape of the potential gradient curve at a station over which the centre of the storm represented by figure 1 passed can easily be seen, for it would be a curve symmetrical about the centre, each half being similar to the curve at the bottom of figure 1. There would be at each end a positive portion due to the P field, nearer the centre the curve would be below the base-line representing the negative N field, then just before the centre is reached the curve would again cross the base-line and become positive in consequence of the Q field. The low positive charge, Q, may not be large enough in all storms to cause the field in the centre of the storm to become positive, but a " hump" near the centre of the negative portion of the curve is a definite indication of the presence of a low positive charge; for in the absence of such a positive charge the negative portion of the curve would be at its lowest point in the centre of the storm. Typical examples of potential gradient curves having this form will be seen in figures 13, 15 and 19 of S. and S. and in figures 4, 5, 6, 7 and 10 of this paper. This course of the potential gradient is of the form shown in figure 1: there are two P fields at the beginning and end of the storm, one long N field divided into two parts by a Qf ield between 15.0 we should expect to find the distribution of the charge in the cloud similar to that shown in figure 1.
The first ascent, sounding 105, commenced at 15.10 when the field at the ground was positive. The record shows that the gradient was positive from the ground to 1*3 km., negative from 1*3 to 3*6 km., positive from 3*6 to 5*7 km. and then negative. Above 6 km. the negative gradient rapidly decreased with height and was too small to be recorded above a height of 6*5 km.-the balloon rose to 13 km. This is exactly the sequence which we found for a balloon rising along the axis of our model storm, and record aa of figure 3 is similar to sounding 105. The fact that the lower positive field did not increase appreciably before changing to negative at 1*3 km. would indicate that the balloon did not actually pass through the positive charge Q but somewhat to the side; the height of the centre of the positive charge would therefore be somewhat higher than the point at which the field changed.
The second ascent, sounding 106, commenced at 15.17, 7 min. later than the previous one. The field at the ground was still positive but decreasing rapidly in strength. The sounding shows that the positive field extended only to a height of 0*2 km. and then gave place to a negative field which extended to a height of 2*6 km. Above this was a positive field to 5 km. and then a negative field which faded out at a height of about 6-6 km. This sequence is the same as in the previous sounding, but the fields are less strong; also in the second ascent the heights at which the field reversals took place are lower than in the previous ascent. This is what one would expect, for the first sounding was obviously nearer to the centre of the storm than the second, and the fields are stronger and the reversals higher in a track which is near the axis than in one some distance away.
There was not a great deal of rain from this storm at the Observatory; but what little fell carried a positive charge and it is difficult not to associate this positively charged rain with the positive electricity which the sounding revealed at a height of something over 1 km.
The potential gradient at the ground and the fields within the cloud are all consistent with a distribution of electricity similar to that shown in figure 1, and the positively charged rain supports the view that the positive charge in the lower atmosphere was carried on the rain.
2.
T h u n d erst o rm , 15 July 1937. Soundings 81 and 82. Figure 5 Thunder was first heard to the south-south-east and the storm moved north. Between 14.55 and 15.10 flashes of lightning were seen to the east of the Observatory. The balloons drifted east-south-east, i.e. towards the storm centre. The rain at Kew was not heavy.
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total charge on rain The potential gradient rose rapidly at 14.46 and remained positive, except for two reversals due to lightning discharges, until 15.06, when it became negative and remained negative until 15.30 when it changed to positive, rose to a maximum at 15.33 and then slowly decreased. From about 15.00 to the end the variation of the potential gradient reproduces the potential gradient curve shown in figure 1. There was, however, no negative potential gradient before this time. This would be explained if the positive Q charge was somewhat ahead of the main negative charge, so that in front of the storm the field due to the P charge and the Q charge were together stronger than the field due to the N charge.
Sounding 81 commenced at 14.58, half a minute after a violent lightning discharge had reversed the predominating positive field at the ground. The sounding showed a negative field just at the start; but the positive field was restored before the balloon had reached 200 m. The positive field extended to a height of 3 km. where it changed to negative. The balloon had only risen another 400 m. when it was forced down for about 1 km. after which it rose again. As there was no further electrical record after the balloon was forced down it is concluded th a t the trailing wire became entangled in the suspension cord or otherwise 'earthed'. The fact th a t the balloon was forced down indicates th a t it had either met heavy precipita tion in the form of wet snow or had entered highly turbulent air with strong downward currents. In either case the balloon must have been near the axis of the storm, and therefore the height of the reversal of the field at 3 km. must have been near the height of the main lower positive charge. The potential gradient at the ground and the reversal of the field from positive to negative at 3 km. indicate the presence of a charge over or near the station at th at time.
Sounding 82 started at 15.14. The observers noted that the balloon moved towards the estimated centre of the storm. The potential gradient at the ground when the balloon was released was negative, and the record shows that the field met with by the balloon was predominantly negative and weak for the first 4 min. of the flight, then at a height of 1*2 km. the field changed to positive and became stronger as the ascent continued. At a height of 2-8 km. the field changed rapidly to high negative values and remained negative to 4 km., where it changed again to positive values which persisted to 6 km. Here the field finally changed to negative. The balloon rose to 16 km., but above 8 km. no measurable fields were recorded. The track of this balloon is similar to that of 66 on figure 2, the record of which is shown on figure 3. The balloon started in the N field, and drifted towards and entered the Q field at a height of 1-2 km. This part of the track was near to the N-Q boundary and therefore the field was small and occasionally reversed. On entering the Q field the balloon moved nearer to the axis as it rose and so came into strong positive fields. It crossed the Q-N boundary quite near to the centre, the height of the reversal being almost the same as that of the previous sounding. The N -P boundary was crossed at 4 km. and the P -U boundary at 6 km., and as the balloon was probably then not far from the axis of the storm, the heights at which the field was reversed may be taken as the heights of the centres of the charges, the heights of the Q, N and P charges in this storm may therefore be taken as 3, 4 and 6 km. respectively.
There was very little rain at the Observatory as the storm passed; but it will be noticed that positively charged rain commenced to fall, while the field at the ground was still positive and continued for a few minutes after the field had become negative. At the end of the storm there was a little negatively charged rain. This is consistent with the origin of the positive rain being connected with the formation of the Q charge.
Extensive thunderstorm 21 August 1939.
Soundings 127-132. Figure 6 The storm approached from the north-east; but owing to the available staff being wholly engaged in preparing and releasing the balloons very little detailed information about the characteristics of the storm was obtained. The balloons of the first three soundings were seen to enter smaller clouds on the advancing edge of the main cloud mass. The fourth balloon (sounding 130) was released in a rain squall which appeared to be moving from east to west, and about this time the electrical centre of the storm was estimated to be within 1 km. of the Observatory. This was the climax of the storm which then appeared to move away towards the east.
It will be seen from figure 6 that the potential gradient at the ground was highly disturbed owing to very frequent lightning discharges. On the approach of the storm the potential gradient was positive, but at about 16.00 it became negative, with lightning flashes causing positive throws. After 16.30 the trace is so disturbed by lightning discharges that it is impossible to determine whether the pre-discharge field was positive or negative.r During this period the majority of the throws were positive, but there were a few throws to the negative. The pre-discharge field became definitely negative again at 17.00 and continued negative until 17.35 when it became positive, reaching its maximum at 17.39 and then decreasing in the usual way as the storm retreated. After 17.00, when the potential gradient was negative, the throws due to lightning were well over to the positive, some of the positive deflexions being very large. There was one single throw towards the negative at 17.37, just after the ground-potential gradient had become positive.
A glance at the records of the soundings is sufficient to show the presence of the P and N charges. It is interesting, however, to note that in successive ascents each of these charges was encountered at a lesser height. This
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Vol. 177. A may have been due either to a continuous lowering of the charges through out the cloud with time or to the charges being in the form of layers which were higher in the cloud at the front of the storm than at the rear; there is no means of deciding which of these alternatives is correct.
Sounding 127 started some distance in front of the storm when the field was negative but small. A small negative field continued to a height of 6 km. when there were some reversals, but still of only small intensity. At 7 km. the field became suddenly positive and large. At 9 km. the balloon burst while still in a positive field. There can be little doubt that this balloon rose to about 6 km. in front of the storm and was then rapidly drawn into the active part of the storm. A track of this nature is shown at dd of figure 2, and the resulting record in figure 3 is very s im ila r to that of sounding 127.
Sir G. Simpson and G. D. Robinson
Sounding 128 probably followed a similar track, but being nearer the storm centre the fields were larger. This sounding pierced the upper positive charge and reached the U field at the top of the cloud.
Sounding 130 commenced in the heavy squall of rain marking the centre of the storm, and the field was continuously positive up to a height of 1*4 km. The field, however, was small and no doubt the charge was some distance away, so that the balloon rose rather near the boundary of the Q field: in that case the centre of the charge would be higher than 1*4 km. at which height the field changed. This explanation is supported by the two following soundings, each of which recorded intermittent positive and negative fields up to heights of 0*9 and 0-6 km. respectively, showing that they were still further away from the centre of the positive charge.
There can be little doubt that in this storm the lightning discharges were taking place between the N charge and the P charge. With very few exceptions each discharge caused a positive throw, and this is the sign which a discharge between negative electricity at 5 km. and positive electricity at 8 km. would have at a point less than 8 km. away from the place of discharge. Also the last throw at 17.37 was negative, at which time the active centre of the storm was presumably more than 8 km. away-8 km. being the reversal distance for discharges between these heights.
The soundings during this storm again clearly reveal the presence of Q, N and P charges: the heights of these charges were greater than 1*4 km., between 3*6 and 7*0 km., and between 6-8 and 10*0 km. respectively. Thundery conditions set in at 16.30, but the storms were not at first near the Observatory, although the potential gradient was highly disturbed with occasional lightning throws. These conditions prevailed with much cloud until about 16.50 when a storm was seen to be approaching from the north-east. The centre passed north of the Observatory with flashes observed at a distance of 1-2 miles.
The potential had been consistently negative during the preliminary disturbed conditions, but with the approach of the storm the potential gradient became positive at 16.55. Just after this change the first balloon was released and it rose in a gap between the clouds so that it was seen for some considerable time against the blue sky until it was finally hidden by low cloud, thus confirming that at the time the potential gradient became positive the Observatory was outside the cloud mass of the approaching storm. The positive potential gradient from 16.55 to 17.04 was evidently that of the P field surrounding the storm. The storm did not pass over the station, but from 17.04 to 17.39 the Observatory was under the influence of the N field as the storm centre passed to the north. The P fi was entered again in the rear of the storm at 17.39, the maximum being 19-2 reached at 17.41, after which the field decreased in the usual way. This interpretation of the potential gradient at the ground is fully substantiated by the soundings.
As already stated the first sounding, no. 116, was made before the storm reached the Observatory, but just after the field had given positive to ta l ch arg e on rain F igure 7. T h understorm : 12 A ugust 1938. potential gradient at the ground. The record of this sounding shows th a t large fields were not encountered in any part of its track. The field was positive from the ground to 1*3 km., then negative to 3-6 k m .; then positive (but sometimes so weak as to leave no legible record) to 7-7 km., after which it became negative. There can be little doubt th a t the track followed by this balloon was similar to track ee of figure 2. I t started in the P field, drifted through the N field, then, re-entering the P field again a t 3*6 km., rose through the P field to a height of 7-7 km., when it finally entered the U field, thus reproducing in all essentials the record ee of figure 3. (It will be noticed that the potential-gradient scale used for record ee is ten times greater than that used for the other records on figure 3.)
The next sounding, no. 117, commenced when the field at the ground had become negative owing to the nearer approach of the storm. The field was negative from the ground to 4*4 km. where it became positive; it was positive from 4-4 to 7*5 km. and then changed to negative. This is the sequence one would expect for a balloon starting in the N field some distance from the axis of the storm and rising vertically. The corresponding track on figure 2 is cc, and the record cc of figure 3 is the counterpart of the alti-electrograph record of sounding 117.
Sounding 118 commenced in a negative field at the ground; a positive field was entered for a short time, between 1-4 and 2*0 km. As the balloon rose the negative field increased, at first slowly and then very rapidly until at 3-0 km. sparking at the electrodes took place. At 3*8 km. the gradient changed almost instantaneously to positive, the field became even stronger and the sparking continued to a height of 5*0 km. The positive field decreased and changed to negative at 6*0 km., after which the field was negative to about 10*0 km., at which height it became too weak to leave a record. The track followed by this balloon was similar to track bb of figure 2, and the record of the sounding is similar in all respects to record bb of figure 3. The balloon left the ground in the N field, but quite near to the N-Q boundary. As the balloon rose it drifted into the Q field giving the positive gradient between 1*4 and 2-0 km. On rising still further the balloon passed into the strong negative field between the Q and N charges and then into the still stronger positive field between the N and P charges. At 6*0 km. the field changed to negative as the balloon rose through the centre of the P charge. From 3*0 to 5*0 km. there was sparking at the electrodes of the alti-electrograph; this was in the strong field above and below the centre of the N charge. At this time the balloon must have been rising very near to the axis of the storm, and this is supported by the fact that the rate of ascent of the balloon was 230 m./min. between the ground and a height of 4-0 km. and 330 m./min. between 4*0 and 8-0 km., showing the presence of a strong vertical current. As the balloon rose so near to the axis of the storm the reversals of the field in this sounding fix with considerable certainty the heights of the centres of the charged regions.
Sounding 119 started probably somewhat nearer the centre of the storm than the previous one, but the balloon does not appear to have been drawn towards the centre. It started when the field was negative, but up to a height of 2*2 km. the field was so weak that only an intermittent trace was made on the alti-electrograph. Such weak fields, in the centre of a thunderstorm, could only occur near the boundary between positive and negative fields. This ascent, therefore, like the previous ascent, commenced near to, but outside, the Q-N boundary. That the balloon did not move towards the centre is shown by the absence of the positive field between the ground and 2*0 km. and by the lesser intensity of the N and P fields as compared with that of the previous sounding. This conclusion is also supported by the fact that the rate of ascent of the balloon did not change but remained at 250 m./min. throughout the flight. The balloon in sounding 119 therefore probably rose almost vertically and so passed farther away from the axis than in sounding 118; its track was therefore similar to of figure 2, except that it commenced nearer to the axis at the ground level, and it will be seen that the record along the track in figure 3 is very similar to the record of sounding 119.
Sounding 120 was lost. Sounding 121 commenced when the centre of the storm had passed to the north and the Observatory was in the same position relative to the centre as when sounding 117 commenced. The records of these two soundings are similar and are typical of ascents commencing in the N field at the ground some distance from the axis of the storm, and rising vertically.
The five soundings therefore are in complete accord with the passage of a storm of the Q, N, P type, the centre passing to the north of the Observatory at such a distance that the Observatory did not come within the Q field although it was very near to the boundary between the Q and N fields. The heights of the charge centres along the axis, as shown by sounding 118, were Q approximately 2*0 km., N 3*8 km., and P 6-0 km.
During the period 17.00-17.30 when the storm was nearest to the Observatory the changes of potential due to lightning strokes were all positive and therefore were probably due to discharges between the P and N charges. The largest positive throw was about 50V/cm. at 17.22. At that time the observers estimated the centre of the storm to be between 1 and 2 miles to the north. Taking the distance to have been 2*0 km. and the discharge to have taken place between the N charge centred at 3*8 km. and the P* charge centred at 6*0 km., we find that the discharge was one of 12 coulombs. This value can only be approximate; but it is of the right order of magnitude.
There was one short sharp shower of rain between 17.10 and 17.20, but there was very little charge on the rain. On the whole the little charge was negative; but towards the end there were one or two intervals with positively charged rain. the active centre of the storm then being apparently 2 miles to the southsouth-east and moving northwards. Accounts of the thunderstorm from Kew and other places will be found in the Meteorological Magazine for July 1937. Four balloons were released during the storm, the first at 19.28, a few minutes after the passage of the line squall. The next two balloons were forced down, the first after reaching a height of about 7*0 km. and the second at a height of 4*0 km .; both balloons subsequently rose again, but after the forced descent the electrical records became defective and cannot be used. The fourth balloon reached above 9-0km.; but at that height the record becomes unreliable and there are some indications that this balloon also was temporarily forced down at a height of 10*0 km.
The records obtained during the storm are shown on figure 8. It has been found impossible to interpret the records so as to produce a simple consistent picture of the electrical structure of the storm. This is not surprising, for the wind was high and the balloons were carried far away from the Observatory, so that the potential gradient at the ground cannot be correlated with the fields registered at the balloons. No attempt will therefore be made to analyse the records as a whole, but a few remarks will be made on interesting features of the individual ascents.
As already stated the storm commenced with a violent squall which struck the Observatory at 19.20. For 15 min. after the squall the potential gradient at the ground was positive and fairly steady except for a few throws due to lightning discharges. The balloon which was released 8 min. after the passage of the squall rose at the normal rate to a height of 1*5 km., recording a small positive field all the way. At this height the rate of ascent was much reduced, indicating either a downward current of air or heavy precipitation. This continued for 2 or 3 min., during which the field changed sign three times: positive to negative, negative to positive, and positive to negative. The balloon then continued to rise at its original rate through a small negative field to a height of 5*0 km., where the field became too small to leave a record. The balloon reached 7*0 km. As the fields up to 7-0 km. immediately after the passage of the squall were so small it would appear that the squall itself was not the seat of the electrical separation. Electrical activity did not become pronounced until 17 mm. after the squall had passed; then the potential gradient at the ground became negative and there was a great increase in the number and intensity of the throws due to lightning discharges.
The second ascent, sounding 76, commenced at 19.56. There were four major reversals of the field recorded by the alti-electrograph before the balloon reached 4*0 km. What was the nature of these fields, whether they were due to the balloon passing through localities with different fields or due to time changes in the field as a whole cannot be determined from the record. At 4*0 km. the balloon entered a strong steady positive field which persisted to a height of 6-7 km., where a change to negative field occurred. There can be little doubt that whatever may have been the cause of the changing field below 4*0 km. the steady positive field between 4-0 and 6-7 km. was due to negative and positive charges centred at these heights.
There is little to say about sounding 77. The field was negative to a height of about 1*4 km., then alternating positive and negative to 2*7 km., after which to the height of 3-8 km., where the balloon was driven down, the field was positive, rising to high values at about 3*5 km. In this case it is not possible to fix with certainty the centre of the negative charge which produces the strong positive field above 2*7 km.; but there are indications on the trace after the balloon had been driven down (not reproduced on the diagram) that it was in the neighbourhood of 2-4 km.
Sounding 78 has some remarkable features. The field was negative and small up to 2-0 km. There it became positive, but remained small up to 3*3 km. when it suddenly became strong. At 4*0 km. there was a sudden reversal to an equally strong negative field which persisted for 2 min., during which the balloon rose approximately 400 m .; then equally suddenly the field reverted to positive and was as strong as before the reversal. The field then remained positive to a height of 6*6 km. There were then two small reversals and at 7*2 km. the field became negative. After this point the record becomes unsatisfactory with indications of more positive field above 9-0 km .; but as the balloon was then drifting without rise and even with some descent it is considered best to neglect the record above 9-0 km.
The reversal at 4*0 km. is difficult to explain. At first sight one thinks of a lightning discharge between the upper positive charge and the lower negative charge; but that would only destroy the field, it would not reverse it. The fact that the field after the reversal was practically the same as before seems to indicate that the upper and lower charges were not affected and that the reversal was due to some rearrangement of distant charges. It may be mentioned that according to the record the field changed at the balloon at 20.44, while there was a large positive throw on the potential gradient record at the ground at 20-43. The timing of the altielectrograph is not very accurate and the difference of 1 min. may not be significant. The throw and the reversal may therefore have been simul taneous, but even if they are related it is difficult to see what could have happened to produce a negative field change at 4-0 km. and a positive field change at the ground. It must be remembered that the balloon at that time may have been several miles away from the Observatory, as it had been in flight 15 min.
The course of the potential gradient and the effects of the lightning discharges are so complicated in this storm that it is not possible to draw any useful conclusions from them. The rain-electricity record has some interesting features. In spite of the general complication of the storm, the course of the rain-electricity is unusually simple. Rain started at 19.21 just after the passage of the squall and was moderately heavy until 20.00. The rate of rainfall then changed and became very much less. The sign of the electricity on the rain changed at this point also, so there seem to be two distinct masses of rain, probably of quite different origins. The first rain mass which fell at an average rate of 7*0 mm./hr. from 19.21 to 20.00 was positively charged throughout and there are no signs of a mixture of positively and negatively charged rain. Similarly, the light rain from 20.00 to 20.53 which fell at an average rate of 1*3 mm./hr. was negatively charged throughout.
It seems probable that the positively charged rain was associated with the positive charge at a height of about 2*0 km. shown by sounding 75, while the negatively charged rain originated in the negative electricity in the lower half of the cloud.
Although the storm was too pomplicated for its structure to be deter mined in detail it is clear that there was the usual P charge at the top of the cloud-indicated by sounding 76 at 6*8 km. and by sounding 78 at 6*6 km. The N charge was met with in sounding 76 at a height of 4-0 km., in sounding 77 at 2*4 km. and in sounding 78 at 2*0 km. Thus from sounding 76 to sounding 78 the height of the N charge had decreased by 2*0 km., which may have been due to a fall in time over the whole area or to a fall in distance from the front to the back of the storm. In either case there can be no doubt as to the presence of a negative charge below the upper positive charge. Sounding 75 reveals the presence of a positive charge in the base of the cloud probably carried by rain. This storm, therefore, in spite of its complicated nature and large extent, clearly reveals the presence of the P, N and Q charges.
In the diagrams representing the soundings in the five storms so far considered, the fields in the upper air have been plotted in bands vertically above the abscissae representing the times at which the balloons were released. In the three storms which remain to be described a different method will be used. In these storms there was little wind and there is good evidence that during the early parts of the ascents, when records were* being obtained, the balloons were for all practical purposes directly overhead. Thus the field at the balloon at any time during the ascent is directly comparable with the field at the ground at that time. To bring out this relationship, the alti-electrograph records are plotted against both time and height, with the result that the bands representing the fields at different heights are no longer vertical but slope towards the direction of increasing time. When this method is used one can see at once the rate of ascent of the balloons; for this is given by the slope of the alti-electrograph record. was as follows. Thunder was first heard at 14.45 and the first lightning was seen to the south, distance about 3 miles, at 14.50, rain having already begun. The storm developed very rapidly, with much lightning. At 15.23 there was a heavy downpour of rain which was followed by moderate to heavy rain for nearly an hour, after which the rain became fight. A serious attempt was made during this storm to get as many records as possible, for its intensity and negligible motion made it very suitable for intensive investigation. Within an hour twelve balloons were launched in four batches, the balloons in each batch being released at intervals of about a minute. Unfortunately, the balloons were of defective quality and only two of the twelve penetrated the storm; seven either burst soon after release or remained quite near to the ground, so that their records are useless; the remaining three gave records only up to moderate heights. The soundings which gave useful records were nos. 95-99, the last five balloons which were released. They formed part of the last two batches, the individual balloons of the first batch being released at 15.53^ ( These five soundings represent the changes which took place in the electric field in the space of about 15 min. Comparing first soundings 95 and 99, which give the fields at the beginning and at the end of the interval, we see a remarkable difference. At the time of sounding 95 there was very little negative field between the heights of 3-0 and 4*0 km., while when sounding 99 was made through the same region 8 min. later (note that the balloon in sounding 99 rose more rapidly than that in sounding 95) there was a much larger negative field. The growth of the field can be followed by comparing soundings 96-99. Until we know' more about the physical processes which cause the electrification within the clouds we cannot explain how this large field was generated.
Both soundings 95 and 99 show a reversal of the field between 7*0 and 9-0 km., revealing the presence of a positive charge in this part of the cloud. The centre of this charge appears to have fallen 1*2 km. in 8 min.; but this may have been partly due to lateral separation of the two balloons during their ascents.
The conditions revealed by the soundings near the ground are instructive. Soundings 95 and 96 showed a small negative field, which up to a height of 2-0 km. was subject to many reversals (represented by dots on the trace), probably coinciding with the reversals at the ground due to lightning flashes. Above 2*0 km. the reversals disappear and both soundings show steady negative fields. Sounding 97 shows a positive field to a height of 1*0 km. and then a negative field above. The same positive field is shown by soundings 98 and 99 which were made within the next 2 min., but each shows the change from positive to negative field at a progressively lower level. It will be noticed that during the time covered by these flights positively charged rain was falling at the ground. It is therefore a natural conclusion that it was the volume charge of positive electricity carried on the rain which gave rise to the positive field shown in soundings 97-99. If this is correct then the bulk of the positive charge must have been above the 1-0 km. level, where the field changed from positive to negative. Further evidence on the height of this low positive charge is given by^the reversals shown on soundings 95 and 96. There are only two or three of these above 2*0 km., and none at all above the freezing level. When the reversals were being recorded the balloon was ascending in a region influenced mainly by the negative charge between 4*0 and 6-0 km. and the lower positive charge. At each flash the field due to the former charge was reduced to a value numerically less than that due to the latter, and the field below the centre of the low positive charge became momentarily positive. Above this centre there was a reduction but no reversal of the field. The centre of the low positive charge must therefore have been located between 2-0 km. and the freezing level. In the storm we clearly have the P, N and Q charges and very strong evidence that the Q charge was carried on the rain. Sounding 100 commenced at 15.43 just before the potential gradient at the ground changed from negative to positive. The balloon rose in the N field to a height of 0*4 km. and then entered the Q field. The positive gradient of the Q field was traversed to a height of 1*6 km., where the field became negative, the boundary between the Q and N fields being crossed at this level. As the balloon continued its ascent the N -P , and P -U boundaries were crossed at 2*2 and 4*4 km. respectively. The path of the balloon was similar to bb of figure 2, and the same sequence o met with as in record bb of figure 3.
Sounding 101 started at 15.51 when the Q field at the ground was near its maximum. The first part of .the ascent was consequently in a positive field. The Q-N boundary was crossed at 1*0 km., the N -P boundary at 2*4 km. and the P -U at 4*6 km.
Sounding 102 also started in the Q field and crossed the three boundaries at 0*8, 2*2 and 4*2 km. respectively.
Examining the upper parts of these three soundings we notice that the three traces come very close together near the top, all three coinciding at 16.20 at a common height of 5*4 km. This is a fortuitous result due to the fact that the three balloons had different rates of ascent. As the balloons rose almost vertically this means that above 4*0 km. they must have been very near together, and it is interesting to note that they all three recorded the same negative field when they were together at 16.20; this is further evidence of the reliability of the alti-electrograph records. All three soundings give the heights of the P and N charges as approximately 4-4 and 2*3 km. respectively.
The diagram shows the heights at which the balloons entered the cloud base. For soundings 100 and 102 this height was approximately 2-1 km. Sounding 101 gives the base of the cloud 0*6 km. lower; but this may have been due to the balloon during this sounding entering a local patch in which the level of the cloud was lower than the general base. There is no reason to believe that the cloud base as a whole fell 0*5 km. between 15.66 and 16.01 and then rose by the same amount during the next 6 min. We will now consider the Q charge. The potential gradient at the ground was positive from 15.45 to 16.05 with a maximum of 60V/cm. at 15.52, obviously due to the passage of the Q charge either directly overhead or quite near to the Observatory. At the time of the maximum field at the ground the balloon of sounding 100 crossed the boundary at a height of 1-6 km.; this therefore must have been the height of the centre of the Q charge at that time. Soundings 101 and 102 showed the boundary at 1*0 and 0*8 km. respectively. The explanation of these changes appears to be straightforward. Positive electricity was being generated near the axis of the storm in a region which was over the Observatory at 15.52. Sounding 100 went through this region and fixed the centre of the positive charge at about 1*6 km. The charged region moved with the storm and soundings 101 and 102 did not go so near to the centre; therefore the boundary between the Q and N fields was crossed at a lower level. It is possible also that there had been some lowering of the charged region because the change from 1-6 to 1-0 km. in 3 min. is larger than one would expect from the movement of the storm alone; on the other hand, the effect of the charge had almost ceased at the ground when sounding 102 crossed the boundary, and therefore the centre of the storm was then some distance from the Observatory. Positively charged rain reached the ground just when the Q charge was overhead, as judged by the positive potential gradient at the ground, and continued until 16.24; this falling rain must have lowered the centre of the charged region. The decrease in height of the reversal of the field from positive to negative shown in these three ascents must therefore be ascribed to both causes: the movement of the centre of the charged region away from the Observatory and a lowering of the centre of the charged region by the transfer downwards of the positive electricity on the rain. It is important to notice that in this storm the positive charge was mainly, if not entirely, in the clear air below the cloud and therefore can only have been carried by the rain.
At 16.00 there were three balloons in the air, one above the other, and it will be seen from the diagram that at this time one was in a positive field at a height of 0*4 km., one was in a negative field at a height of 1-9 km., and the other was in a positive field at a height of 2*7 km. This is conclusive proof of the reality of three separate charges of electricity at different heights in the atmosphere and a complete answer to Wormell's criticism quoted above.
Between 15.41 and 15.55 there were six intense lightning flashes which caused large changes of the field at the ground as will be seen from the potential gradient record. As already stated these flashes were seen to be along the underside of the cloud. There can therefore be little doubt that they were between the positive charge below the cloud and the negative charge in the base of the cloud. At that time the former was at a height of 1*6 km. and the latter at a height of 2*2 km. Assuming that the dis charges were equivalent to a transfer of Q coulombs of electricity between these two heights directly above the Observatory, then we have for the change of field at the ground: = 1-8( < i V^) exl02V/cmThe mean change of the field caused by the six flashes was -160 V/cm., hence the mean quantity of electricity discharged in each flash was 5 coulombs.
'
Violent t h u n d e r s t o r m , 11 August 1938. Soundings 108-115. Figure 11 The storm approached rather rapidly from the east. There was a sharp squall about 17.35, soon after the first sounding had commenced. With the squall heavy rain set in which continued to about 18.10, when the rain moderated and gave place to light rain which continued with some slight variations in intensity until the storm had passed away. The observers noted that there appeared to be two main active centres, one to the west and one to the south of the Observatory; in consequence the storm is complex and not easy to analyse.
The potential gradient at the ground was on the whole high and greatly disturbed by near lightning flashes. Eight soundings were made during the storm. One failed entirely, owing to stoppage of the clock, and one instrument has not been recovered. Two of the remaining balloons burst at moderate heights and the others reached 10 km. or more.
The first sounding, no. 108, commenced at 17.30. Five minutes later the squall struck the Observatory when the balloon was at a height of a little over 1 km. The rate of ascent of the balloon then changed from 3 (the normal rate of ascent in still air) to 8 m./sec., revealing an ascending current of 5 m./sec. The potential gradient at the ground when the ascent com menced was negative and the balloon record shows that it remained negative but small to a height of nearly 6*0 km. Here the field was reversed and a high positive field was recorded from 6*0 to 10-0 km. The field changed to negative at 10*0 km. and then slowly decreased with height, no clear record being left after a height of 10*5 km. There can be little doubt about the interpretation of this record. The ascent started in the N field in front of the storm. The balloon was drawn towards the active centre as it rose, remaining in the weak N field near the N -P boundary. It crossed the N -P boundary as it entered the active region and then traversed the P field where it was strong, near to the active centre. The track of the balloon was similar to dd of figure 2 and its record is similar to dd of figure 3. The reversals of the field at 5*8 and 10*0 km. give the levels of the N and P charges at the time of the ascent.
The second sounding, no. 109, commenced at 17.59 when very heavy rain, positively charged, and violent changes of potential gradient due to lightning, indicated that the active centre of the storm was very near. The rate of ascent was at first normal, then more rapid for a few minutes, after which it decreased quickly. For 3 min. the balloon hardly ascended at all, then it rose very rapidly for a minute and burst at a height of 3*0 km. So far as one can measure from the record the balloon rose 700 m. in 40 sec. just before it burst, giving a rate of ascent of 18 m./sec. With the rapid increase in the rate of ascent the field became negative, very strong, with much sparking at the electrode. There can be little doubt that this balloon entered the active centre of the storm and that the balloon was burst either by the turbulence of the air or by an electrical discharge-the strong sparking at the electrode makes the latter the more probable explanation. As there can be little doubt that above 2-2 km. the balloon and precipita tion were being carried upwards in a strong ascending current the field The distribution of electricity in thunderclouds 20-2 recorded at the balloon cannot be used to determine the electrical charges at different heights. All that can be said is that the strong negative field indicates that at that time there was a great concentration of negative electricity above the balloon. As this accumulation may have been rising with the balloon no definite height can be assigned to it.
Sounding 110 started 11 min. after no. 109; its rate of ascent was normal and steady, showing that it did not experience the turbulent air met with in sounding 109. At a height of 4-3 km., when there was sparking at the electrodes, the balloon burst, probably again due to electrical discharge. The balloon did not fall very rapidly and the alti-electrograph record during the descent can be interpreted, although not with the same accuracy as on the ascent.
Although sounding 110 started 11 min. later than the previous sounding, the ascent was not retarded and the balloon reached 3*0 km. only 7 min. after the previous balloon had burst at that height. The later sounding experienced small to moderate negative fields from the ground to 3*2 km., thus the high field at 3*0 km. experienced by the previous balloon has largely decreased in 7 min. At 3*2 km. a strong positive fieid was met which lasted to 4*0 km., where it changed to an equally strong negative field; in both these high fields there was sparking at the electrodes. When the balloon burst at 4*3 km., it was still in the strong negative field and the falling balloon experienced the negative field for the first part of its fall. It left the negative field and entered the positive field at a height of 3*8 km., i.e. 0*2 km. lower than the change took place on the ascent, a difference which is not significant in view of the uncertainty in interpreting the trace during the descent. The positive field extended downwards to the 1*2 km. level, where the field changed to negative and remained negative to the ground. On the ascent the change from negative to positive occurred at a height of 3*4 km. at 18.26, on the descent at 1*2 km. at 18.35. Thus in 9 min. the boundary between the negative and positive fields had descended 2*3 km.
The interpretation of this sounding can best be given by considering the lower part of record aa of figure 3. This record it will be remembered was obtained by calculating the field due to a small positive charge at a height of 1*5 km., a larger negative charge centred at a height of 2*0 km. and a positive charge at 6*0 km. The positive charge centred at 1*5 km. produces a positive field which is strong near to the boundary of the charged region and then rapidly decreases towards the ground; but with the charges used in the calculations the field remains positive right to the ground. If, however, the positive charge had been smaller or the negative charge immediately above larger, the positive field would not have extended to the ground, but would have ended a certain height above the ground, this height being determined by the relative quantities of positive and negative electricity.
The positive field between the levels 3*4 and 4*0 km., with negative field below and above, revealed on the ascending branch of sounding 110, was due to a positive charge centred at 4-0 km. and a negative charge above, the exact position of which cannot be fixed as the balloon burst before the centre of the charge was reached. The positive charge was being generated and accumulated, and at 18.26 the positive field extended downwards to the 3*4 km. level, where it was met by the ascending balloon; 9 min. later, at 18.35, the positive field had reached the 1*2 km. level where it was passed by the descending balloon. With further accumulation of charge the positive field extended still lower and reached the ground just before 18.40, when the potential gradient at the ground changed from negative to positive. The positive field at the ground became stronger until 18.43 when it reached its maximum. If at this time we could have obtained an instantaneous sounding, we should have obtained a record similar to aa of figure 3. It will be noticed that at this time the charge brought down by the rain changed from negative to positive, so that not only the field, but also the positive electricity causing the field, extended to the ground; for there can be little doubt that the positive electricity was carried by the rain. This conclusion is supported by considering the temperature in the region where the positive charge had appeared. Attached to the altielectrograph on this sounding was a Dines meteorograph. It showed a remarkably small lapse rate between 2*0 and 4-0 km. At 2-0 km. the temperature was 4° C and at 4-0 km. -2° C, the freezing-point being at 3*0 km. The accumulation of charge was therefore taking place in the neighbourhood of the freezing-point.
After 18.43 the positive field at the ground was decreasing, probably due to the falling out of charge on the rain. Sounding 112 commenced while the field at the ground was still positive and the balloon registered a positive field for about a minute, then the field at the ground and at the balloon became negative. At 18.55 the balloon again entered the positive field at a height of 2*0 km., showing that there was still positive electricity above. The positive field continued to a height of 3-7 km. where it changed to negative, putting the centre of the positive charge just a little lower than it had been during the previous sounding 32 min. earlier. It will be noticed that during the time the balloon was traversing the positive field between the 2-0 km. and 3*7 km. levels the field at the ground was negative. The negative field at the ground commenced to decrease in intensity at 18.53 showing that the positive charge was again increasing. The field at the ground became positive at 19.05 and reached a maximum at 19.10 after which it decreased. It will be noticed that the decrease in the positive gradient was again accompanied by positively charged rain.
To return to sounding 112: after passing the positive charge (Q charge) at 3*7 km. the balloon passed through the N field into the field at 5-6 km. The P field was not strong and at about 8*4 km., before the P -U boundary was reached, the trace became too faint to register.
Sounding 114 is typical of an ascent starting in the Q field, and sounding 115 of an ascent starting in the N field. By this time the active centre of the storm was some distance away so that the fields were not strong, and although both soundings exceeded 10*0 km. the field was too weak to register the P -U boundary.
Little of use can be said about the lightning discharge, as no records were made of the position or distance of the discharges. Until 18.20 practically all the discharges were positive and therefore most likely between the N and P charges. After the Q charge had formed at about 18.28 there were a number of negative discharges and some large positive ones. With the data available it is not possible to say between which charges these flashes passed; but from the obvious relationship between the flashes and the shape of the potential gradient curve, the low positive charge must have been involved.
In this storm, more than in any of the others, we can follow the formation and dissipation of the Q charge and there can be no doubt that it was associated with the rain. It formed near to the level in the atmosphere where the freezing-point occurred, and it can be recognized in the electricity carried down by the rain. It is clear also that this process takes place under a region with a heavy negative charge, and therefore it is quite independent of the positive charge at the top of the cloud.
Sir G. Simpson and G. D. Robinson D i s c u s s i o n o f t h e r e s u l t s

Location of the electrical charges
In S. and S. an attempt was made to locate the position in the cloud of the main electrical charges. This was done by considering that every change of sign of the vertical field indicated the presence of a local charge of electricity. The height of all such charges was then plotted on a diagram (figure 9, S. and S.). This method is now seen to be defective, because many of the changes in the sign of the vertical field are not due to local charges but to distant charges which may be at very different levels from those at which the change of field is registered by the alti-electrograph.
It is not always easy to say whether a reversal of the field indicates a local charge; but our analysis of the storms described in this paper has given many clear cases of the relation of the balloon to the charge, and in these cases the height of the charge can be fixed with some degree of certainty. In other cases, when the track of the balloon cannot be deduced, reversals of high field, especially if there is sparking at the electrodes, show that the balloon is near to the charged area, and the point of reversal can be accepted as giving the height of the centre of the charge. By applying these considerations to all the storms described in these two papers it has been possible to pick out twenty-seven soundings each of which gives with reasonable certainty the position of at least two charges and in some cases of three. These twenty-seven soundings are taken from thirteen storms and they have been tabulated in table 3. When there are two or more soundings in one storm they have, if possible, been combined, mean values being taken, the object being to give each storm an equal value. In two storms, 19 June (21.00) 1936, and 21 August 1939, this was not advisable, as in each case there was a sounding at the beginning of the storm which gave heights and temperatures for the charges entirely different from those given by the later soundings. In these two cases both sets of values have been used. The table contains for each storm, the temperatures at the levels of the lower positive charge (Q), the negative charge in the lower cloud (N), and the upper positive' charge (P), and in addition the temperature at the ground during the storm. As readers may wish to examine the soundings which have been selected, reference is given in the table to the diagram on which each sounding will be found.
The data contained in table 3 have been plotted on figure 12. There are fifteen sets of data, which for convenience we will call ' s o u n d in g s ', although some of them are combinations of two or more original soundings in the same storm. These have been numbered in order of increasing temperature at the N charge (column 7) and plotted on figure 12 in that order. For each sounding the signs + , -, + , have been entered at the temperature where the P, N and Q charges respectively were centred (i.e. where the field reversed), the two former being connected by a vertical line. A dot enclosed in a circle represents the temperature at the ground during the storm.
In every storm, and in every individual sounding, the temperature at the P charge was below -10° C. It will also be noticed that on the whole the temperature at the P charge decreased with the temperature at the N charge, although there are large variations in the differences, the average value of which is 15° C.
The temperature at the N charge was 0° C or below in the fifteen soundings. The lowest temperature recorded at the N charge
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was -19° C on 15 September 1936, and the highest 8° C on 25 June 1935, the mean of the fifteen soundings being -7° C.
In five of the seven storms in which the position of the Q charge could be fixed the temperature at the level of the charge was above the freezingpoint ; in one of the others it was -2° C and in the remaining storm -9° C.
There appears to be no relationship between the temperatures at the ground and the temperatures at the different charges.
The potential gradient in the clouds
In S. and S. reasons were given for concluding that sparking occurred at the electrodes of the alti-electrograph when the field reached approxi mately 100 V/cm., and attention was drawn to the surprisingly large number of soundings in which no sparking occurred. This remarkable absence of large fields within a thunderstorm is even more strongly marked in the new records. Thirty-seven new soundings are discussed in this paper and sparking occurred only in three, nos. 118, 109 and 110. The balloons burst in three other soundings when in strong fields, nos. 129, 96 and 98, and these may have been destroyed by electrical discharge, although the instruments on recovery showed no signs of such a discharge. One is led to the conclusion that the fields in a thundercloud are of the order of 100 V/cm., except in relatively small regions where there is great electrical activity and in which lightning, discharges originate. We find no evidence of large horizontal sheets of positive and negative electricity with fields approaching the discharge field (10,000 V/cm.) between them.
The percentage frequency with which positive and negative fields occurred at different heights was considered in S. and S. and the results were given in table 2 and figure 8 of that paper. The same method has been applied to all the soundings now available and the results are plotted on figure 13, in which the abscissae are percentage frequencies of positive potential gradient and the ordinates height above the ground; the number of soundings used in determining the percentage is shown against each point. It will be seen that this curve is of the same form as the one published in S. and S.; but as there are now many more high ascents the upper part is completed and we find, as suggested in S. and S., that positive fields entirely disappear at the greater heights, no positive fields being recorded at a greater height than 12*0 km.
In figure 14 the same data have been plotted against temperature instead of against height-the temperature being obtained in the way described on p. 282. As temperature is intimately related to height the form of the two curves is similar, but the lower point of inflexion is much sharper and occurs very near to 0° C. The implication of this will be discussed later.
The potential gradient at the ground
In discussing the individual storms we have seen that many of them are associated with changes of potential gradient at the ground similar to the changes which would be experienced if a storm similar in structure to that used for calculating figure 1 passed over the station. Such a distribution of electricity gives at the ground a positive field when the storm is approaching and receding, and a negative field nearer the centre which is reversed or reduced in intensity when the most active part of the storm is overhead. This distribution of the field at the ground was recognized in the previous work and exhibited in figure 21 of S. and S. Thus we see exactly the same distribution of potential gradient as found in our work, and there can now be no doubt that the average distribution of potential gradient at the ground in the neighbourhood of a thunderstorm is consistent with the distribution of electricity shown in figure 1.
The distribution of electricity in thunderclouds
In S. and S. it was suggested that the P and N charges are associated with ice crystals, and the Q charge with rain. These conclusions will now be examined in the light of all the soundings which are now available.
The P and N charges
It has now been possible to analyse more or less completely the electrical field in fourteen storms, and diagrams have been published, six in S. and S., and eight in this paper, showing the distribution of charges which would account for the electrical field revealed by the soundings. In every one of these storms the presence of a positive charge near the top of the cloud and a negative charge in the lower half has been indicated. The presence of these two charges is responsible for the sequence of potential gradient changes near the ground as storms approach and recede. This is shown in figure 15 , the high frequency of positive potential gradient on the fringe of the storm is due to the upper positive charge, while the large predominance of negative potential gradient under the main cloud is due to the negative charge in the lower half of the cloud. There can therefore now be no doubt that a positive charge at the top of the cloud with a negative charge below it is a normal feature of every thunderstorm.
The nature and origin of the P and N charges
In figure 12 are plotted data from thirteen separate storms, in each of which there is reason to believe that the positions of two or three of the P, N and Q charges are fairly accurately fixed. The data used are the temperatures at the electrical centres of the charges, assuming that the reversal of the field approximately indicates the centre of the charge.
In every case the temperature at the centre of the P charge was lower than -10° C, and in thirteen out of fifteen cases considered the temperature at the centre of the N charge was 0° 0 or lower. In other words, with two exceptions, which will be considered later, both P and N charges were within that part of the cloud which was below the freezing-point. There can be little doubt that the P and N charges are complementary, i.e. they are the results of some process which has separated the positive electricity in the upper part of the cloud from the negative electricity in the lower.
This process must therefore be one which can function in temperatures far below the freezing-point and within clouds which are known to be composed of ice crystals. We see no reason to change the opinion expressed in S. and S. that the cause of the separation of the electricity is the impact of ice crystal on ice crystal which leaves the ice negatively charged and the air positively charged. The general settling of the negatively charged ice crystals relatively to the positively charged air would then result in a separation of electricity with the positive charge above the negative.
On this theory the amount of electricity generated will depend on the turbulence of the air, which determines the frequency of the impacts, and on the number of ice crystals, for with a given turbulence the number of collisions will depend on the number of crystals. On the other hand, the size of the ice crystals will determine the rate of separation, and the velocity of the ascending currents the time during which a group of ice crystals will contribute to the whole process. In a thunderstorm we have violent ascending currents, producing much turbulence and large accumu lation of ice crystals, just the factors which tend to increase the electrical effects. In non-thunderstorm clouds, with small ascending currents and relatively few ice crystals, the electrical separation is small and only small electrical fields, either in the clouds or below, are produced.
In the lower part of the cloud the negative charge is carried on the ice crystals which are falling relatively to the air. If there are no ascending currents the ice crystals approach the region of the cloud where the temperature is above the freezing-point and there melt. They continue their fall, however, as negatively charged rain carrying the negative charge into regions with temperatures above the freezing-point. This explains the two cases in which the temperature at the centre of the negative charge was above 0° C . The first of these was in the storm of 1 0 June 1 9 3 7 . From figure 8 it will be seen that sounding 7 8 showed the centre of the negative charge at 2*0 km. where the temperature was 5° C , and highly charged negative rain was falling as seen on the rain-electricity record. The progressive fall of the negative charge is seen by comparing the change fropi negative to positive field in soundings 7 6 , 7 7 and 7 8 . In sounding 7 6 the centre of the charge was at 4*0 km. with a temperature of -3° C , in sounding 7 7 at 2 -7 km. with a temperature of 2° C , and in sounding 7 8 at 2*0 km. with a temperature of 5° C . Here we clearly see the s e t t l i n g of the charge first on the ice crystals and then on the rain. The other cases of the centre of the negative charge being at a temperature above the freezing-point occurred on 2 5 June 1 9 3 5 (figure 1 8 , S . and S . ) . Here five soundings showed a change from negative to positive field at temperatures well above the freezing-point. As there was no record of the rain-electricity it is impossible to say whether in this storm negative electricity was being carried down by the rain; but there is no reason to doubt that the explanation holds good in this case also.
The Q charge
There can now be little doubt as to the frequent occurrence of a positive charge below the main negative charge in the lower part of the cloud. The analysis of the storms discussed in this paper has shown the presence of a Q charge in every storm. The evidence is particularly conclusive in the storms of 13 September 1937 and 11 August 1938 (figures 10, 11) . A re-examination of the storms discussed in S. and S., with the greater experience we now have, shows unmistakable evidence of a charge in all the storms except the storm of 25 June 1935 (figure 18, S. and S.), and even in this storm there is a period of positive potential gradient at the ground between 13.18 and 13.26 which it would be difficult to explain except as the consequence of a positive charge below the negative charge revealed by all the soundings. It is probably too early to say that every thunderstorm has a low positive charge in addition to the main P and N charge; but there can be no doubt that the majority of thunderstorms have all three charges.
The nature and origin of the Q charge
We have shown in the discussion of the individual soundings that the change of sign of the vertical field does not always indicate the true level of an electrical charge, and that in some cases it does not even indicate a separate charge at all. Thus a number of reversals of field which were interpreted in S. and S. as being due to a low positive charge cannot be used to determine the level of the Q charge. Seven cases, however, have been included in figure 12 in each of which there was evidence that the balloon had been sufficiently near to the active centre to be quite sure that the change in field indicated the proximity of a charge and its approxi mate level. It should be noted that if the N charge above the Q charge is large the change of field occurs some distance below the centre of the Q charge (see figure 1) , also the boundary between the N and Q fields falls away rapidly from its highest point as one retreats from the axis of the storm. For these two reasons the centre of the Q charge determined from the reversal of the field is likely to be too low. Figure 14 , however, gives us further information regarding the location of the Q charge. If every storm had been bipolar with the lower charge generally above, but occasionally a short distance below, the level at which the freezing-point occurs, the curve in figure 14 would have been unaltered from the highest point to 0° C, but from 0° C it would have rapidly approached the zero as indicated by the dotted line. Below this point all the fields would have been negative (neglecting one sounding which commenced in the P field on the edge of the storm), and the percentage of positive fields would have been zero. The fact that the potential gradient in 30 % of the soundings from the ground to the level of the freezing-point was positive indicates the frequent presence of a positive charge below the negative charge on the ice crystals. As the frequency of the positive fields was practically constant from the 0° C level to the ground, the Q charge must have been mainly in the neighbourhood of the freezing-point level. In two of the storms, 15 September 1936, sounding 68 (figure 17, S. and S.), and 11 August 1938 (soundings 110 and 112, figure 11 ), the centres of the positive charge as fixed by the change of field were at temperatures below the freezingpoint. The case on 11 August can be easily explained as there were strong ascending currents, and the positively charged rain might well have been carried beyond the freezing-point level to a height where the temperature was -2° C. The former case is more difficult to explain as the temperature at the centre of the positive charge was -9° C; but there is nothing inherently improbable in positively charged precipitation being carried to great heights. In spite of these two cases the evidence is strong that the Q charge is formed in temperatures above the freezing-point and that it is associated with heavy rainfall. We therefore see no reason to depart from the opinion expressed in S. and S. that the positive electricity which forms low down in the cloud is generated by the process of breaking (б) In every thunderstorm there is a negative charge below the upper positive charge, and in most cases this charge is in a part of the cloud where the temperature is below the freezing-point.
(c) The generation and separation of these charges occurs in the ice region, and the most probable cause is the collision of ice crystals in the turbulent air associated with the strong ascending currents in a thunder storm. The collisions charge the ice negatively and the air positively, and it is the settling of the ice crystals relatively to the air which separates the positive and negative charges. With few exceptions the temperature where these positive charges occur is above the freezing-point.
(e) These low positive charges are associated with heavy rain and they are probably generated by the breaking of rain drops in ascending currents of air.
Our thanks are due to the Director of the Meteorological Office for permission to publish this paper which was undertaken as part of the scientific work of the Kew Observatory. The continuous absorption coefficients of norm al Ca an d Ca+ are calculated. B oth th e discrete an d continuous w ave functions used in th e calculation include th e effect of electron exchange. Comparison is effected w ith results obtained neglecting exchange a n d it is found th a t appreciable m odifications are introduced b y its inclusion. This is particu larly tru e for Ca+ w hich is a sensitive case owing to very strong interference in th e integrand of th e transition m atrix elem ent. The bearing of th e results on th e calculation o f absorption coefficients in general is discussed, an d it is pointed o u t th a t th e discrepancy betw een theory an d experim ent for potassium arises because this also is a very sensitive case.
The distribution of electricity in thunderclouds
An application of th e results for Ca is m ade to resolve a discrepancy betw een determ inations of interstellar electron densities carried o u t using different m ethods by Strom gren and Struve.
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